1. Introduction {#sec0005}
===============

"Sticks and stones may break my bones but words will never hurt me." Despite this old adage, we all know that words can hurt, especially during the precarious teen years. Teenagers between the ages of 13 and 17 send and receive an average of 67 text messages a day and more than 70% of teens are active on two or more social networking platforms ([@bib0155]). Teens extract beliefs about their own social status from the positive and negative messages and comments sent whirling through cyberspace by other teens. Little is known about the underlying neural processes involved in processing text that conveys information about social status. Given the high frequency with which this process occurs during adolescence, gaining a better understanding of individual differences in how the teen brain processes social status words may be important in understanding social and emotional adjustment during this period.

[@bib0190] outline a social information processing brain network that undergoes significant remodeling during adolescence. We anticipated that viewing social status words would activate brain regions within this network that are typically implicated in social cognitive processing, including perceiving and making attributions about another person's thoughts and feelings, as well as perceiving the self-relevance of social information. This includes the medial PFC (MPFC), the superior temporal sulcus (STS), temporoparietal junction (TPJ), and posterior cingulate cortex (PCC) ([@bib0025], [@bib0100]). The STS in particular seems to play a role in integrating social perception and mentalizing, and serves as a central hub for social information processing ([@bib0320]). Healthy adolescents show elevated activity in this "social brain network" during tasks that require social perception or thinking about or imagining others' mental states (i.e. 'mentalizing\'; [@bib0020], [@bib0045]). [@bib0220] have shown that when adolescents are asked to engage in self-appraisal, not only do they recruit regions involved in self-perception, such as the MPFC, but they also activate regions involved in social perception and mentalizing, such as the TPJ and STS. Engagement of the social cognitive brain network during self-appraisal is elevated in adolescents compared to adults, suggesting that social comparison processes may play a particularly strong role in self-perception during adolescence ([@bib0220]).

One important question is the extent to which individual differences in activation of neural networks involved in social cognitive processing may play a role in adolescent depression. Rates of depression increase dramatically during adolescence, especially in adolescent girls, who show increased sensitivity to interpersonal feedback during the adolescent years ([@bib0255], [@bib0265]). Depression during adolescence is often triggered by the experience of social rejection ([@bib0200], [@bib0245]). Neuroimaging studies of simulated social interaction with peers have shown that adolescents with and at risk for depression show elevated activation of regions of the brain involved in monitoring and evaluating emotional salience, such as the subgenual anterior cingulate cortex (sgACC), in response to peer exclusion or rejection ([@bib0175], [@bib0295]). Regions of the affective salience network, especially the amygdala and ACC, have also been consistently shown to be elevated among depressed compared to healthy adolescents during the processing of negative emotional stimuli, such as affective faces ([@bib0150]). Despite this clear evidence of perturbed functioning of affective salience networks during social information processing in adolescent depression, it is not known whether perturbed functioning of social cognitive brain networks might also play a role.

There is little existing literature to guide expectations about potential alterations in social cognitive brain function in adolescent depression. Based on behavioral evidence of interpersonal sensitivity in adolescent depression ([@bib0240], [@bib0245], [@bib0265]), we might expect that regions of the brain that detect and interpret social information would be hyper-reactive to social status information in youth who are depressed. On the other hand, social withdrawal is a core clinical feature of depression ([@bib0005], [@bib0120]). This social withdrawal might be driven by or reflected in a blunted (hypoactive) response among brain regions that process social information. Consistent with this possibility, one imaging study in adults showed that those with remitted depression exhibited hypoactivity in response to both positive and negative social interaction images in the MPFC compared to healthy adults ([@bib0080]). These differences were present in the absence of depressive symptoms, and were not seen for achievement images used as comparison stimuli, suggesting that MPFC hypoactivity to social stimuli might function as a trait-like vulnerability factor for depression. Another study in adults revealed reduced activation in the STS, a region implicated in social perception and language processing, among depressed compared to healthy adults in response to reading sad words ([@bib0050]). Given limited research on this topic in adolescents with depression, we tested competing hypotheses that depressed youths' neural response in temporal and prefrontal cortical regions to social status words might be hypoactive vs. hyper-reactive compared to non-social neutral words.

We also explored whether the time-course of brain activation in response to social status information differed between depressed adolescents and healthy controls. A key feature of depression is the tendency to engage in perseverative self-referential thought, such as rumination ([@bib0205]), which is thought to result in sustained activation of regions involved in affective and self-referential processing ([@bib0030], [@bib0165]). For example, [@bib0275] found that depressed adults show a sustained amygdala response to negative words up to 25 s after word presentation, which was correlated with the tendency to engage in perseverative self-referential thought. Similarly, [@bib0295] found that depressed youth showed sustained dorsal ACC activation in response to simulated peer rejection relative to healthy youth 8--11 s after receiving feedback. However, it is not known whether depressed youth similarly show sustained activation over time to social status stimuli in regions of the brain involved in social cognitive processing. Given the potential for perseverative self-referential thought following display of social status words, we hypothesized that group differences in brain activation to social status words would emerge in the latter half of trials, presumably reflecting alterations in elaborative processing of social stimuli.

We also explored whether activity in these neural regions would be modulated by word valence, specifically, whether the words connoted positive or negative social status. [@bib0080] found that MPFC activity in response to social interaction images was attenuated in depressed compared to healthy adults regardless of whether the images were of positive or negative valence. On the other hand, [@bib0300] found that depressed adolescents showed a blunted MPFC and precuneus response to audio clips conveying maternal praise but not maternal criticism (relative to neutral statements). Thus, we explored the possibility of valence effects in social cognitive processing of social status words.

Finally, we examined whether neural response to social status words in social cognitive brain networks varied as a function of development. Adolescence is defined as the transitional period between puberty and adulthood in human development. Given the typical onset of the early stages of pubertal maturation at ages 9--10 ([@bib0140]), we operationalize adolescence in this study as beginning at age 10 and ending at age 18. This developmental period encompasses marked changes in social affiliation and social behavior ([@bib0190], [@bib0305]) that correspond with advances in social-cognitive abilities as well as structural changes and functional reorganization of brain regions important for social-cognitive processes ([@bib0025], [@bib0045]). For example, a recent longitudinal study demonstrated reductions in gray matter volume and cortical thickness in the dorsomedial PFC (dmPFC), TPJ, and posterior STS (pSTS) from childhood through early adulthood ([@bib0180]). These structural changes during adolescence are thought to reflect synaptic reorganization and/or increased integrity of white matter ([@bib0210]). In terms of functional changes, imaging studies in typically developing youth have shown age-related increases between childhood and adolescence in MPFC activation during the processing of emotional faces ([@bib0225]) and in response to social evaluation ([@bib0110], [@bib0230]). There is also evidence of a decrease in dmPFC activation during mentalizing tasks from adolescence to adulthood (see [@bib0025]), as well as enhanced connectivity of the MPFC with the pSTS/TPJ when thinking about social emotion scenarios in adolescents compared to adults ([@bib0040]). Developmental theorists have argued that these changes may constitute a sensitive period for adapting to the social environment ([@bib0020]), or a period of enhanced flexibility in responding to social and motivational input ([@bib0060]).

Recently investigators have also begun to examine the extent to which developmental changes in neural response to social stimuli are driven by the influence of pubertal increases in adrenal and gonadal hormones or chronological age. Existing data have linked pubertal maturation to increases in sensation-seeking ([@bib0170]), physiological reactivity to emotional words ([@bib0290]), neural response to monetary reward ([@bib0090], [@bib0310]), affective faces ([@bib0095], [@bib0185]) and peer rejection ([@bib0295]). Only a few neuroimaging studies have focused on the role of pubertal maturation in social cognitive processing. [@bib0230] found that ventromedial PFC activation while processing social self-evaluative words increased with both age and pubertal development. In another study, [@bib0105] found that greater circulating levels of the pubertal hormone testosterone were associated with greater activation in the left anterior temporal cortex (ATC) during a mentalizing task, above and beyond the effects of age. However, little is known about the specific effects of puberty on social cognitive brain function. In the present study, we examined whether age and/or pubertal status were associated with neural response to social status words in temporal and prefrontal cortical regions. We hypothesized that chronological age would be more strongly associated with response to social status words in prefrontal regions involved in social cognitive processing (i.e. MPFC), while pubertal status would be more strongly related to neural response in the temporal cortex (i.e. STS, TPJ). We also explored whether the relationship between development and neural response to social status words differed for depressed and healthy youth, given one recent report of attenuated associations between pubertal development and neural response to peer rejection in depressed compared to healthy youth ([@bib0295]).

2. Method {#sec0010}
=========

2.1. Participants {#sec0015}
-----------------

Fifty-eight very young adolescents to late adolescents (42 female, aged 10--18 years \[*M* = 15.01, *SD* = 1.86\]) were recruited from community advertisements, pediatrics offices, and existing research projects. Two participants were excluded due to poor task performance (e.g., no responding and accuracy rate \<60%) and seven participants were excluded due to excessive head movement (over 30% of scans with greater than ±5 mm and ±5° movement from a reference image and ±1 mm and ±1° incremental (scan-to-scan) movement). Forty-nine participants (35 female, aged 10--18 years \[*M* = 15.14, *SD* = 1.82\]) were included for our final analysis.

Twenty adolescents had a current primary diagnosis of major depressive disorder (MDD) based on DSM-IV ([@bib0010]) criteria and 29 were typically developing controls (CON) with no psychiatric history. Adolescents' lifetime and present DSM-IV diagnoses were assessed using the Schedule for Affective Disorders and Schizophrenia in School-Age Children---Present and Lifetime version (K-SADS-PL) ([@bib0145]). MDD adolescents were allowed to participate in the study if they were on a stable dose of SSRI medication (N = 2). Participants were excluded if they were taking psychoactive medications other than SSRI\'s or had metal braces or other metal objects in their body. CON adolescents were excluded if they met current or lifetime DSM-IV diagnosis for any Axis 1 disorder. MDD adolescents were excluded if they had a current diagnosis of obsessive-compulsive disorder, post-traumatic stress disorder, conduct disorder, substance abuse or dependence, ADHD combined type or predominantly hyperactive-impulsive type, or a lifetime diagnosis of bipolar disorder, psychotic depression, schizophrenia, schizoaffective disorder, or an autism spectrum disorder. Eleven MDD adolescents had a current diagnosis of one or more comorbid anxiety disorders, including panic disorder (N = 2), specific phobia (N = 4), generalized anxiety disorder (N = 6), social phobia (N = 2), separation anxiety disorder (N = 1), and agoraphobia (N = 1). One MDD youth had a comorbid diagnosis of oppositional defiant disorder.

2.2. Procedure {#sec0020}
--------------

The parents provided informed consent and participants provided assent using forms approved by the University of Pittsburgh Institutional Review Board. They then completed two laboratory visits. During the first visit, participants completed a structured diagnostic interview and questionnaires to assess self-reported depressive symptoms and pubertal status. The fMRI assessment was completed during their second visit.

### 2.2.1. Structured diagnostic interviews {#sec0025}

On their first visit to the lab, each adolescent and his or her parent(s) were interviewed to determine the youth\'s mental health history using K-SADS-PL ([@bib0145]). Parents and youth were interviewed separately, with clinicians integrating data from both informants to arrive at a final diagnosis. All interviews were carried out by trained BA- and MA-level clinicians. 15% of interviews were double coded and there were no diagnostic disagreements.

### 2.2.2. fMRI assessment and debriefing {#sec0030}

Participants underwent an fMRI scan. They were asked to lay as still as possible during the structural imaging acquisition and then to perform a word valence identification (WVID) task during the functional imaging acquisition. After the fMRI assessment, participants were asked to complete a post-scan valence rating of each word, ("How emotional is this word for you?") on a 7-point scale ranging from 1 (very negative) to 7 (very positive)?". To confirm that the social status words were considered relevant words to describe adolescent social status, participants were also asked to answer two questions: 1) Is this a word that kids your age would use to describe another kid they admire or look up to (high social status rating)? and, 2) Is this a word that kids your age would use to describe another kid they do NOT admire or do NOT look up to (low social status rating)? The response was 'yes' or 'no'. Participants were carefully debriefed following completion of the scan.

2.3. Experimental task and stimuli {#sec0035}
----------------------------------

During fMRI assessment, participants were asked to complete a WVID task, which has been used to examine physiological and neural activity in adults and youth with MDD ([@bib0280], [@bib0285]) The task was modified to incorporate words connoting social status. Participants were instructed to identify the emotional valence of 26 social status words (13 positive and 13 negative) and 13 neutral words by pressing a corresponding button for each valence (positive, negative, and neutral) using a Psychology Software Tools glove. Stimuli were displayed in black on a grey background via a back-projection screen (.88° visual angle) and presented using E-prime 1.0 software (Psychology Software Tools, Pittsburgh, PA). The social status words were generated by a focus group of 6 adolescents who were asked to generate a list of words that could be used to describe a person who the adolescent admired or looked up to (positive social status words; e.g., accepted, popular, liked, invited) or a person they did not admire or look up to (negative social status words: e.g., ignored, loser, disliked, unwanted). We selected social status words with multiple nominations across adolescents that could be balanced with neutral words for word length and frequency of use in the English language. As described below (see post-scan rating results), these words were validated based on post-scan ratings by participants in the present study. Neutral words were chosen from a corpus of words normed for use with youth ([@bib0195]). Both social status words and neutral words are reported in Table S1 (see Supplementary materials).

A slow event-related paradigm was used to allow examination of the time-course of event-related neural responses ([Fig. 1](#fig0005){ref-type="fig"}). Each trial began with a cue (a row of Xs) for 1000 ms, followed by presentation of the word for 5000 ms, and followed by a mask (another row of Xs) for 5690 ms. A 5690 ms inter-trial interval (duration was determined by multiples of our TR, 1.67 s) was used to provide sufficient time to assess sustained elaborative processing between trials. There were 26 trials presented with social status words (13 positive social status and 13 negative social status) and 13 trials with neutral words. Trials were shown in a randomized order.Fig. 1Example of the experimental paradigm.Fig. 1

2.4. Self-report measures {#sec0040}
-------------------------

Child and parent report of child depressive symptom severity were obtained using the long version of the Mood and Feelings Questionnaire ([@bib0015]), which is a widely used self-report measure of children and adolescents' depressive symptoms. The MFQ includes 33 items (child version) or 34 items (parent version).

Adolescents or parents rate how true each item has been with regard to the adolescent's symptoms over the past two weeks (0 = *not true*, 1 = *sometimes true*, 2 = *true)*. Internal consistency of this scale in the study sample was excellent (child version: α = 0.98, parent version: α = 0.95). Self-reported pubertal status was also obtained using the Pubertal Development Scale (PDS; [@bib0215]) scored to provide two 5-point scales that differentially capture gonadal and adrenal hormonal signs of pubertal development ([@bib0270]). Physical maturation in humans is marked by independent maturation of the adrenal glands (adrenarche) and the gonads (gonadarche). It is not yet clearly understood how adrenal and gonadal aspects of pubertal maturation may differentially influence neural changes during adolescence; therefore, we tested the potential influence of adrenal and gonadal signs of pubertal maturation separately. Scoring takes into account different signs of pubertal development in boys and girls. Scores ranged from 2 to 5 in the present sample.

2.5. Imaging acquisition and preprocessing {#sec0045}
------------------------------------------

### 2.5.1. Imaging acquisition {#sec0050}

Images were acquired on a 3T Trio scanner (Siemens, Erlangen, Germany) at the Magnetic Resonance Research Center, University of Pittsburgh. Thirty-two 3.2-mm slices were acquired parallel using a posterior-to-anterior echo planar (EPI) pulse sequence (T2\*-weighted imaged depicting BOLD signal; TR = 1670 ms, TE = 29 ms, FOV = 205 mm, flip angle = 75). Each image was acquired in 1.67 s, allowing 7 scans per 11.69 s trial (determined by multiples of our TR). High-resolution T1-weighted MPRAGE images (1 mm, axial) were also collected for use in cross-registration.

### 2.5.2. fMRI data preprocessing {#sec0055}

fMRI analyses were conducted using locally developed NeuroImaging Software (NIS) ([@bib0085]) and Analysis of Functional Neuroimaging (AFNI) software ([@bib0055]). Functional imaging data were corrected for motion using 3dVolReg implemented in AFNI using the first image as a reference. Linear and quadratic trends within runs were regressed out of fMRI time-series to eliminate effects of scanner drift, unrelated to brain activity using niscorrect from NIS. This procedure also reduces the impact of outliers by Windsorizing or clipping outliers over 1.5 interquartile range (IQR) from the 25th or 75th percentiles to the nearest value within this range. Data were temporally smoothed using a 4-point Gaussian filter and converted to percent-change based on the median of all imaging data. Data were co-registered to the Colin-27 Montreal Neurological Institute (MNI) template using the Automated Image Registration package's (AIR; [@bib0315]) 32 parameter non-linear automated warping algorithm and spatially smoothed using a 6 mm full width at half maximum (FWHM) filter.

2.6. Statistical analyses {#sec0060}
-------------------------

### 2.6.1. Post-scan ratings and behavioral data {#sec0065}

Post-scan valence ratings and behavioral data (reaction time and accuracy) were analyzed using repeated measures ANOVAs with group as a between-subject factor and valence as a within-subject factor. Post-scan ratings of social status words were analyzed using chi-square to test whether words classified as "social status" words by the focus group were also considered indicators of social status by participants.

### 2.6.2. Group X Time X Condition (social status vs. neutral words) effects on neural activity during word valence identification {#sec0070}

To test our primary hypothesis, we conducted a Group (CON vs. MDD) X Time (7 scans spanning 11.69 s, the duration of each trial) X Condition (social status words vs. neutral words) random effects whole-brain analysis of variance (ANOVA) with participant as a random factor, and group, time, and condition as fixed factors. Time was modelled in the analysis rather than assuming the shape of the HRF because it has been shown that the shape of the HRF varies as a function of both task and brain region (see [@bib0125], [@bib0280]). Incorporating time as a factor in our analysis also allowed us to explore whether group and condition differences in processing social status words were driven by initial reactivity to the stimuli or more sustained elaborative processing.

To follow up Group X Time X Condition interactions, we extracted each participant's time-series from the functional ROIs that remained significant after correcting for multiple comparisons. We used [@bib0115]'s method to control for Type I error across the many evaluated temporal samples (0 ∼ 11.69 s) within functional ROIs. As a temporal analog of contiguity thresholding, this technique restricts statistical significance to temporal windows in which there are more consecutive scans each statistically significant at p \< 0.05 than would be expected by chance given the temporal autocorrelation of the data (*r* = 0.50--0.66 after removing 2 principal components, which accounted for ∼75% of the variance in the time-series). Using this technique, Monte Carlo simulations suggested that post hoc Group X Condition interactions significant for 2 or more consecutive scans would be considered to have a temporal window significant at p \< 0.05. We averaged the level of activation (signal% change from baseline \[the first scan of each trial\] in both word conditions separately) across the time points in the significant temporal windows (as determined by the Guthrie and Buchwald method) for each functional ROI and each participant. Then, we used this averaged level of activation in follow-up repeated measures Group X Condition ANOVAs and post-hoc pairwise comparisons using paired *t*-tests to compare conditions within each group, as appropriate.

### 2.6.3. Group differences in neural activity modulated by word valence {#sec0075}

To further examine whether group differences in neural response to social status words were modulated by social status word valence, we conducted a Group (CON vs. MDD) X Time (7 scans spanning 11.69 s, the duration of each trial) X Valence (Negative social status words vs. Positive social status words) random effects whole-brain analysis of variance (ANOVA) with participant as a random factor, and group, time, and valence as fixed factors. We used the same [@bib0115] method to control for Type I error across the many evaluated temporal samples (0 ∼ 11.69 s) within functional ROIs and the same methods for subsequent repeated measures ANOVAs and paired *t*-tests.

### 2.6.4. Effect of developmental factors on neural response to social status words {#sec0080}

We next examined associations between developmental factors (i.e., age and pubertal maturation) and neural activity in response to social status words vs. neutral words, and whether their associations were moderated by diagnostic group (MDD vs. CON). Separate regression models were run for age, PDSA, and PDSG on brain activity in response to social status words in the functional ROIs that showed significant Group X Time X Condition (social status vs. neutral) interaction effects in the ANOVA. We extracted mean level of activation in the three functional ROIs (i.e., bilateral STS and MPFC) that were significant, averaging across the temporal windows that survived the temporal contiguity thresholding (8.35--11.69 s for all three regions). We tested main effects of age or pubertal status, and their interactions with group, on neural activity in response to social status words vs. neutral words. Multiple comparisons were controlled using a Bonferroni correction (p \< 0.017) for regression analyses on the three functional ROIs. Age and pubertal maturation were significantly correlated (age and PDSA: r = 0.45, p = 0.002; age and PDSG: r = 0.38, p = 0.009); therefore, to test for specificity of age or puberty effects, analyses were recomputed with age added as a control variable in the puberty models and puberty added as control variables in the age model.

### 2.6.5. Type I error control for whole-brain analyses {#sec0085}

All group-level and interaction statistical maps were thresholded at voxel-wise *p \< *0.005 and corrected for multiple comparisons by using an empirically determined minimum cluster size to achieve a brain-wise corrected *p \< *0.05, via AFNI's 3dClustSim with smoothing estimated via AFNI's 3dFWHMx, version 16.1.04 "acf" procedure. Our cluster sizes were determined using 5000 Monte Carlo simulations, third-nearest neighbor (NN3) clustering. Because we tested interactions using F-tests, which are one-sided, we specified one-tailed tests in the parameters for the 3DClustSim; however, follow-up analyses to test directional effects (e.g., social status words vs. neutral words in each group) were tested using two-tailed paired *t*-tests. Both the uncorrected voxel-wise *p* value and contiguity threshold necessary to achieve a brain-wise corrected *p \<* 0.05 are reported with each test described below.

3. Results {#sec0090}
==========

3.1. Demographic information {#sec0095}
----------------------------

As shown in [Table 1](#tbl0005){ref-type="table"}, MDD and CON adolescents did not differ in age, pubertal status, gender, race, or maternal education level (all *p*'s \> 0.47).Table 1Demographic characteristics of participants.Table 1CON groupMDD groupSigN2920\# Female20 (69%)15 (75%)n.s.\# Caucasian24 (83%)16 (80%)n.s.Age M (SD)15.17 (1.89)15.11 (1.75)n.s.  Pubertal status Adrenal PDS M(SD)4.29 (0.94)4.50 (0.86)n.s. Gonadal PDS M(SD)3.93 (0.66)3.72 (0.73)n.s.Maternal education M(SD)5.81 (0.83)5.61 (1.15)n.s.  Self-report measures Child-reported MFQ M(SD)4.03 (4.46)37.10 (12.84)*p \<* 0.001 Parent-reported MFQ M(SD)2.50 (2.18)19.37 (11.00)*p \<* 0.001[^2]

3.2. Post-Scan ratings and behavioral data results {#sec0100}
--------------------------------------------------

A repeated measures ANOVA on post-scan valence ratings revealed that there was a significant main effect of valence (*F*\[1.50, 66\] = 547.57, *p \<* 0.001, *η~p~^2^* = 0.93 with Huynh-Feldt correction used for sphericity). Positive social status words were rated more positively (*M* = 5.65, *SD* = 0.55) than neutral words (*M* = 4.04, *SD* = 0.44) and negative social status words were rated as more negatively (*M* = 2.11, *SD* = 0.51; lower ratings signify greater negativity) than neutral words (*M* = 4.04, *SD* = 0.44). However, there was no significant main effect of Group (*F*\[1,44\] = 0.07, *p* = 0.80) or Group X Valence interaction (Huynh-Feldt corrected *F*\[1.50, 66\] = 0.83, *p* = 0.41 on post-scan valence ratings). Chi-square tests showed that social status words (both positive and negative) were more likely to be endorsed by participants as words they would use to describe social status compared to neutral words (high social status rating: *χ^2^* \[1\] = 664.68, *p \<* 0.0001 and low social status rating: *χ^2^* \[1\] = 512.44, *p \<* 0.0001). Given that behavioral data (reaction time and accuracy) were not a primary focus of this study, results from these data are reported in Supplementary Materials (see S-I).

3.3. fMRI results {#sec0105}
-----------------

### 3.3.1. Group X Time X Condition (social status vs. neutral words) effects on neural activity during word valence identification {#sec0110}

As presented in [Table 2](#tbl0010){ref-type="table"}, significant Group X Time X Condition interactions were observed in 7 clusters, including the bilateral superior temporal cortex (STC) extending to the insula, the MPFC extending to the lateral PFC (LPFC), the medial parietal cortex including PCC and precuneus, and prefrontal regions, such as the bilateral superior frontal gyrus and middle frontal gyrus (*p \<* 0.005 and 76 voxels contiguity). Given the broad clusters identified, we further restricted our regions of interest (functional ROIs) by delineating areas of STC, MPFC, PCC and precuneus from entire clusters (i.e., bilateral STC extending to insula, MPFC extending to LPFC, and medial parietal cortex), as these areas are implicated in social cognitive processing. To do this, we created anatomically defined ROIs using AFNI's Talairach atlas including the bilateral STC, MPFC, PCC, and precuneus, and found overlapping areas between anatomically defined ROIs and the entire clusters. Post-hoc analyses on these ROI's revealed that, in the bilateral STC and MPFC, MDD youth showed lower activation in the latter part of the time-course in response to social status words compared to neutral words (8.38 s--11.69 s), while CON youth did not show significant differences in activation to social status vs. neutral words at any time points ([Fig. 2](#fig0010){ref-type="fig"}). Temporal contiguity thresholding revealed that the PCC and precuneus effects were not significant for 2 consecutive scans, so these regions were not included in the subsequent analyses.Table 2Group differences in neural response to social status words vs. neutral words over time.Table 2Tal coordinates of centroidF value of centroidTemporal windows:Repeated measuresPairwise comparisonsBrain regionBAkxyzGroup x ConditionGroup x Condition ANOVAMDD (Soc vs. Neut)CON (Soc vs. Neut)Superior Frontal Gyrus8136−2526484.656.68 ∼ 11.69 sF(1, 47) = 12.25, p = 0.001, partial η^2^ = 0.21t(19) = −4.94, p = 0.000n.s.Superior Frontal Gyrus61182318524.678.35 ∼ 11.69 sF(1, 47) = 11.89, p = 0.001, partial η^2^ = 0.20t(19) = −3.09, p = 0.006n.s.Parietal cortex3022984−49153.978.35 ∼ 11.69 sF(1, 47) = 14.05, p = 0.000, partial η^2^ = 0.23t(19) = −3.65, p = 0.002n.s.Posterior Cingulate Cortex30952−48214.66n.s.------Precuneus7421−7−67344.84n.s.------Superior Temporal Cortex extending to insula41/42294−57−2083.286.68 ∼ 11.69 sF(1, 47) = 19.78, p = 0.000, partial η^2^ = 0.30t(19) = −4.21, p = 0.000n.s.Superior Temporal Cortex41/2278−56−2144.488.35 ∼ 11.69 sF(1, 47) = 12.46, p = 0.001, partial η^2^ = 0.21t(19) = −3.14, p = 0.005n.s.Medial Prefrontal Cortex extending to Lateral PFC10262455103.888.35 ∼ 11.69 sF(1, 47) = 8.46, p = 0.006, partial η^2^ = 0.13t(19) = −2.30, p = 0.033n.s.[a](#tblfn0005){ref-type="table-fn"}Medial Prefrontal Cortex108165264.918.35 ∼ 11.69 sF(1, 47) = 6.81, p = 0.012, partial η^2^ = 0.13t(19) = −2.09, p = 0.050n.s.Superior Temporal Cortex extending to insula2227557−763.726.68 ∼ 11.69 sF(1, 47) = 11.69, p = 0.001, partial η^2^ = 0.20t(19) = −3.20, p = 0.005n.s.[a](#tblfn0005){ref-type="table-fn"}Superior Temporal Cortex22/2115958−853.688.35 ∼ 11.69 sF(1, 47) = 12.23, p = 0.001, partial η^2^ = 0.21t(19) = −3.31, p = 0.004n.s.Middle Frontal gyrus4784−2834−43.456.68 ∼ 11.69 sF(1, 47) = 13.17, p = 0.001, partial η^2^ = 0.22t(19) = −4.15, p = 0.001n.s.[^3][^4]Fig. 2Time-courses of neural activation in regions (medial prefrontal cortex \[MPFC\] and superior temporal cortex \[STC\]) involved in social cognitive processing that showed Group X Time X Condition interaction effects. Significant differences in time-courses between social status words and neutral words are highlighted in red; areas shaded in red indicate *p* \< 0.05 across the temporal windows.Fig. 2

### 3.3.2. Group differences in neural activation to social status words modulated by word valence {#sec0115}

Group X Time X Valence (positive vs. negative social status words) interactions were observed in a widespread brain network, including the retrosplenial cortex (RSC) extending to the thalamus and the left DLPFC, as well as temporal and occipital regions (*p \<* 0.005 and 51 voxels contiguity) ([Table 3](#tbl0015){ref-type="table"}). Within the RSC/thalamus, MDD youth showed reduced activation in response to negative social status words compared to positive social status words, but CON youth did not differ significantly over time in activation to positive vs. negative social status words ([Fig. 3](#fig0015){ref-type="fig"}). As depicted in [Fig. 3](#fig0015){ref-type="fig"}, there were also differences in patterns of neural activation modulated by valence in brain regions that were not included as part of our hypothesized regions. Specifically, MDD youth showed reduced DLPFC activity in response to negative social status words compared to positive social status words, whereas CON youth showed elevated DLPFC in response to negative social status words compared to positive social status words ([Fig. 3](#fig0015){ref-type="fig"}). The same pattern was observed in the right fusiform gyrus ([Fig. 3](#fig0015){ref-type="fig"}).Table 3Group x Time effects modulated by social status word valence (positive vs. negative).Table 3Tal coordinates of centroidF value of centroidTemporal regions:Repeated measuresPairwise comparisonsBrain regionBAkxyzGroup x ValenceGroup x Valence ANOVAMDD (Pos vs. Neg)CON (Pos vs. Neg)Paracentral Lobule76154−48534.333.34 ∼ 11.69 sF(1, 47) = 17.84, p = 0.000, partial η^2^ = 0.28t(19) = 3.20, p = 0.005t(28) = −2.88, p = 0.008[a](#tblfn0010){ref-type="table-fn"}Middle Frontal Gyrus (Left Dorsolateral Prefrontal Cortex)9/854−3338416.385.01 ∼ 11.69 sF(1, 47) = 15.70, p = 0.000, partial η^2^ = 0.25t(19) = −2.64, p = 0.016n.s.[a](#tblfn0010){ref-type="table-fn"}Retrosplenial Cortex extending to Thalamus23833−29185.046.68 ∼ 11.69 sF(1, 47) = 9.47, p = 0.003, partial η^2^ = 0.17t(19) = 2.73, p = 0.013t(28) = −2.87, p = 0.008Middle Temporal Gyrus227254−5784.916.68 ∼ 11.69 sF(1, 47) = 10.12, p = 0.003, partial η^2^ = 0.18t(19) = 2.82, p = 0.011n.s.Culmen--1074−68−83.268.35 ∼ 11.69 sF(1, 47) = 9.75, p = 0.003, partial η^2^ = 0.17t(19) = 2.28, p = 0.035t(28) = −2.41, p = 0.023[a](#tblfn0010){ref-type="table-fn"}Fusiform Gyrus378645−61−143.478.35 ∼ 11.69 sF(1, 47) = 8.96, p = 0.004, partial η^2^ = 0.16t(19) = 2.67, p = 0.015t(28) = −2.32, p = 0.028Culmen--236−30−48−213.676.68 ∼ 11.69 sF(1, 47) = 14.27, p = 0.000, partial η^2^ = 0.23t(19) = 3.17, p = 0.005t(28) = −1.87, p = 0.072[^5][^6]Fig. 3Time-courses of neural activation in brain regions that showed Group X Time X Valence interaction effects. Significant differences in time-courses between positive social status words and negative social status words are highlighted in red; areas shaded in red indicate *p* \< 0.05 across the temporal windows.Fig. 3

### 3.3.3. Effect of developmental factors on neural response to social status words {#sec0120}

Finally, we explored whether developmental factors were associated with neural activity in response to social status vs. neutral words in the social cognitive regions identified in the omnibus ANOVA (i.e., bilateral STC and MPFC), and whether their associations differed for depressed youth and healthy controls. Functional ROI-based regression analyses revealed a significant main effect of chronological age on MPFC activity in response to social status words vs. neutral words indicating that age was positively correlated with MPFC activity (*β* = 0.34, *t* = 2.49, *p* = 0.016; see [Fig. 4](#fig0020){ref-type="fig"}). However, the main effect of age on MPFC activity did not remain significant at the Bonferroni-corrected threshold (*p \< *.017) after controlling for adreneracheal and gonadarcheal pubertal maturation scores (*β* = 0.34, *t* = 2.03, *p* = 0.049), suggesting that this effect cannot be specifically attributed to chronological age above and beyond pubertal maturation. There were no significant main effects of Puberty (adrenarche or gonadarche) or Group X Age or Group X Puberty interactions.Fig. 4Positive association between age and MPFC activity in response to social status words vs. neutral words (*r* = 0.34, *p* = 0.016).Fig. 4

4. Discussion {#sec0125}
=============

The results of the present study suggest that there may be a neural basis to differences in social cognitive processing between depressed and healthy adolescents. Specifically, when presented with words conveying social status, depressed youth showed reduced activation to social status relative to neutral words in key temporal and prefrontal cortical regions thought to be part of a social cognitive processing network ([@bib0100]), including the STC and MPFC. Healthy youth, on the other hand, did not differ in response to social status compared to neutral words in either of these regions. A similar pattern of reduced activation was observed in the DLPFC and fusiform gyrus in response to negative relative to positive social status words among depressed, but not healthy youth. Healthy control youth showed an opposite pattern of elevated activation to negative relative to positive social status words. With regard to developmental factors, we found greater mPFC response to social status words in older adolescents, although this finding was attenuated when controlling for pubertal status.

We tested competing theoretical models predicting hyper-reactivity vs. hypoactivity in temporal and prefrontal cortical regions in response to social status information relative to neutral information in depressed compared to healthy youth. Our finding that depressed adolescents exhibited lower activation of the STC and MPFC when presented with both positive and negative social status words compared to neutral words supports the hypoactivation model. This is consistent with [@bib0080] study in adults with remitted depression, which reported evidence of hypoactivity in the MPFC among depressed compared to healthy adults in response to social interaction images, regardless of valence. The MPFC is a key region implicated in self-related processing in adolescence ([@bib0220]). Hypoactivity within this region among depressed individuals may indicate blunted processing of the self-relevance of social status words.

We also found reduced activation in the anterior STC to social status words relative to neutral words among depressed youth only. Our finding is consistent with a study in adults showing hypoactivation of the anterior STC in response to sad words among depressed compared to healthy individuals ([@bib0050]). The majority of studies of social cognition have focused on the posterior portion of the STC, whereas our findings centered on a more anterior portion of the STC. Evidence supports an anterior-posterior organization of the social perception functions of the STC, with more posterior portions involved in theory of mind and the detection of biological motion, and more anterior portions of STC involved in voice processing and language perception ([@bib0070], [@bib0135]). Thus, our findings may reflect reduced lexical/semantic processing in social compared to neutral words in depressed youth. This pattern was not modulated by social status word valence (positive vs. negative), consistent with the idea that the STC primarily processes the social aspects of stimuli ([@bib0100], [@bib0260], [@bib0320]).

It is not clear whether this pattern of hypoactivation within the social cognitive brain network in depressed youth is a correlate or cause of depression. It could be that reduced neural processing of social status information contributes to alterations in social behavior and/or self-perception that in turn contribute to the development and maintenance of depressive symptoms. For example, reduced processing of social information could contribute to the social withdrawal symptoms that typically present as a key feature of the clinical phenomenology of adolescent depression. To support this interpretation, future research is needed to clearly link this pattern of blunted social cognitive brain response to real-world indices of social withdrawal, such as ecological momentary assessment indices of social interaction. Alternatively, individuals who are experiencing symptoms of depression, such as social withdrawal and interpersonal sensitivity, may implicitly or explicitly disengage from processing the self- and social-relevance of social status words. Such disengagement might function as a protective mechanism in daily life, given high rates of interpersonal dysfunction in adolescents with depression ([@bib0250]). Additional research using more direct measures of attention, such as eyetracking, could be helpful in testing the potential role of attentional disengagement in contributing to hypoactivity of social cognitive brain regions during social information processing. Future prospective longitudinal research is also needed to disentangle whether this altered social cognitive brain response to social status information is a mechanism underlying depression, or a correlate of the behavioral symptoms that accompany the disorder.

Consistent with our hypotheses, differences among depressed youth in brain activation to social status words compared to neutral words emerged only in the later stages of processing, from approximately 8--11 s after word presentation. This is consistent with the idea that depressed individuals show alterations in elaborative processing that occur after the initial processing of social stimuli ([@bib0275], [@bib0295]). However, unlike these previous studies which focused on brain regions more strongly involved in emotional responding, we found support for hypoactivation rather than hyper-activation of brain response to social status words. Thus, our findings likely do not reflect ruminative or perseverative self-referential thought. Instead, results highlight reduced elaborative processing of social information following initial stimulus appraisal. Given that we observed reduced rather than increased activation of the prefrontal cortex, this is likely an implicit rather than an explicit or purposeful process.

Activation in the MPFC and STC was not modulated by social status word valence; however, we explored whether brain activity in other regions might differ for positive versus negative social status words. We found that depressed youth exhibited lower activation to negative compared to positive social status words in the DLPFC and fusiform gyrus. In contrast, healthy youth showed elevated activation in these regions to negative vs positive social status words. The DLPFC has been shown to be implicated in voluntary emotion regulation ([@bib0235]) as well as during implicit and incidental emotion regulation that occurs during the processing of emotional stimuli, even in the absence of explicit emotion regulation instructions ([@bib0075]). It is also one of the regions recruited when evaluating the valence of an emotional stimulus, which many consider as constituting a form of incidental emotion regulation ([@bib0035], [@bib0160]). Given that participants had to provide a judgement of valence of the social status words, one possible interpretation for the deactivation of the DLPFC to negative social status words could be altered implicit regulation among depressed youth. It should be noted that we cannot conclude that these valence effects are specific to social status words, as we did not compare them with positive and negative non-social words. Future research to examine implicit emotion regulation to stimuli high or low in social relevance and negative or positive valence is needed to determine the specific underlying neurocognitive processes that underlie processing social information in depressed youth.

The present findings also support our hypothesis that older adolescents would show greater activation of the MPFC when processing of social status information. This is consistent with recent studies pointing to age-related increases in MPFC activation among youth during social-cognitive tasks, such as processing social self-evaluative words ([@bib0230]), emotional faces ([@bib0225]), and social feedback ([@bib0110]). These findings may reflect an increased sensitivity to the self-relevance of social status information from early to late adolescence, which may, in turn, help to explain increased vulnerability to depression during this developmental period. However, we cannot be sure whether these findings are attributable to the effects of chronological age or pubertal development, as the results did not remain significant when controlling for pubertal status. This may be due to limited power to include both variables in the model given the small sample and high inter-correlation between age and puberty. Furthermore, in contrast to [@bib0230] and [@bib0105], we did not find support for pubertal influences on the processing of social status words. Additional research with larger samples, as well as direct measurement of pubertal hormones, is needed to more clearly differentiate the role of pubertal development from chronological age in social cognitive brain functioning.

The present study differs from most existing research in using words as social stimuli rather than faces or pictures. Words denoting social status may be particularly relevant for today's teens because much of the information that they process regarding social status is conveyed via text in social media and text messaging formats. Findings are consistent with a previous study that reported blunted pupil dilation among depressed youth compared to healthy youth when processing negative emotion words ([@bib0285]), as well as [@bib0050] finding of reduced STC activation to sad words in depressed relative to healthy adults. Nevertheless, it is important to note that findings may not generalize to other types of social stimuli.

Another limitation in the present study is that we were not able to disentangle social versus emotional aspects of social status words. Although it would be challenging to generate social status words that do not have emotional connotation, future research using non-emotional social words and non-social emotional words may be helpful in explicating whether neural alterations in adolescent depression are more strongly driven by social or emotional features of the stimuli. Furthermore, although social status words were presented, adolescents were not instructed to think about how the words applied to themselves. Thus, the current study measures implicit but not explicit self-referential processing. Tasks that include more explicit social evaluation, such as simulated peer feedback tasks ([@bib0295]), may be useful in further probing altered social information processing in adolescents with depression. It should also be noted that this study's cross-sectional design limits understanding of the possible causal role that altered neural responses to social status words may play in the onset of depression. Future longitudinal imaging research is needed to address this question. Finally, gender differences are evident in rates of depression and social behaviors during adolescence ([@bib0065], [@bib0130], [@bib0255]); however, our relatively small sample size (particularly for boys) did not allow us to explore possible gender differences in neural response to social status words. Furthermore, our largely female sample likely obscured our ability to observe any differential influences of puberty on the neural response to social status words among boys.

Despite these limitations, this study had several strengths, including the use of a well-characterized clinical sample of adolescents currently experiencing a depressive episode, as well as the incorporation of ecologically valid social status stimuli. Evidence of atypical social information processing in depressed youth could have implications for the social functioning of adolescents with depression. For example, hypoactivity in temporal and prefrontal regions of the brain that process socially salient information could alter social learning and real-world social interactions, which, in turn, could further influence brain development. Furthermore, findings suggest that novel interventions engaging social cognitive brain networks could be a valuable new direction in prevention and treatment of depression during adolescence.
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[^3]: Note. Whole-brain Group X Time X Condition ANOVA (*p \<* 0.005, 76 voxels contiguity). Tal = Talairach; BA = Brodmann area; k = number of voxels (voxel size = 3.203 × 3.203 × 3.2 mm^3^); repeated measures ANOVA Fs = Huynh-Feldt corrected Fs for possible violations of sphericity; MDD = major depressive disorder; CON = healthy control; Soc = social status words; Neut = neural words; n.s. = no significance.

[^4]: Activation over time in these regions is plotted in [Fig. 2](#fig0010){ref-type="fig"}.

[^5]: Note. Whole-brain Group X Time X Valence ANOVA (*p \<* 0.005, 51 voxels contiguity). Tal = Talairach; BA = Brodmann area; k = number of voxels (voxel size = 3.203 × 3.203 × 3.2 mm^3^); repeated measures ANOVA Fs = Huynh-Feldt corrected Fs for possible violations of sphericity; MDD = major depressive disorder; CON = healthy control; Pos = Positive social status words; Neg = Negative social status words; n.s. = no significance.

[^6]: Activation over time in these regions is plotted in [Fig. 3](#fig0015){ref-type="fig"}.
